concentration resulted in a decline in UF permeability whereas for the bone char-UF system 23 there was no influence of fluoride concentration on membrane permeability. The optimal 24 solution pH at which the systems are operated at maximum sorption capacity while avoiding 25 membrane fouling was determined as pH 5-6 for the laterite-UF and pH 7 for the bone char-UF 26 system. For both systems, the permeability declined in a similar manner as the sorbent load 27 increased. Although both systems require further optimization, they showed to be viable 28 defluoridation technologies. Nanofiltration/reverse osmosis, electro/donnan dialysis, coagulation/precipitation and sorption 41 processes are the main technologies which are used for water defluoridation (6, 7).
concentration resulted in a decline in UF permeability whereas for the bone char-UF system 23 there was no influence of fluoride concentration on membrane permeability. The optimal 24 solution pH at which the systems are operated at maximum sorption capacity while avoiding 25 membrane fouling was determined as pH 5-6 for the laterite-UF and pH 7 for the bone char-UF 26 system. For both systems, the permeability declined in a similar manner as the sorbent load 27 increased. Although both systems require further optimization, they showed to be viable 28 defluoridation technologies.
29

INTRODUCTION
31
Fluoride concentration in drinking water between 0.5 mg/L and 1.5 mg/L is the critical range 
40
Nanofiltration/reverse osmosis, electro/donnan dialysis, coagulation/precipitation and sorption 41 processes are the main technologies which are used for water defluoridation (6, 7). and left to settle for 10 minutes. The temperature of the samples was allowed to equilibrate in the 116 machine for at least five minutes before the measurements were taken.
117
X-Ray Diffraction (XRD) was used to characterize the crystalline phase of the sorbents. To carry 118 out the XRD analysis, D8-Advance X-ray Diffractometer (Bruker AXS, Germany), which 119 employs a 2-theta configuration in which the X-rays are generated by a Cu-anode x-ray tube spectrometer (Philips, the Netherlands) with a Rh-anode X-ray tube, the samples powder were 126 fused in 40mm diameter discs with a lithium borate flux containing La 2 O 3 as a heavy absorber by 127 a method similar to that of Norrish and Hutton (35) .
128
The specific surface area analysis of the sorbents was performed using Multi point BET analysis
129
with an Autosorb-iQ (Quantachrome (USA) using nitrogen at a relative pressure (P/Po) range of 
137
Prior to use, the membrane coupons were soaked in 0.1 M sodium hydroxide (NaOH) (Fisher, 138 UK) solution for 30 minutes to remove the glycerine preservative present on the surface.
139
Afterwards they were surface rinsed with tap water followed by 2.5 L of ultra-pure water. Prior 140 to the filtration experiments, the membranes were compacted for 30 minutes and pure water flux 141 was determined in the following hour.
143
Solution Chemistry and Analytical Methods
144
Chemicals used were of analytical grade and the solutions were prepared with ultra-pure water and 1.000. Electrodes were immersed in a well mixed 2.5 mL of sample and 2.5 mL of TISAB
156
(total ionic strength adjustment buffer) solution. TISAB was prepared by adding 57 mL glacial 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Stirred Cells Equipment and Filtration Protocol
165
The dead end filtration experiments were conducted using stainless steel stirred cells, operated at data from the acquisition system and the balances were transferred to the computer and 176 processed using the program Labview 8.0 (National Instruments, Newbury, UK).
177
Initially, sorbent materials were stirred on a magnetic stirrer at 300 rpm in 200 mL fluoride 178 solution prepared in a beaker with a background electrolyte of 1 mM NaHCO 3 and 20 mM NaCl 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (36) and as 21.9 nm based on the empirical formula given by Crittenden et al.
214
(37) relating the pore size to the molecular weight cut off (MWCO) of the membrane.
215
Chemical characteristics of laterite and bone char are reported in Table 1 . Major chemical 216 components of laterite are consistent with other studies (10, 11, 14, 38, 39 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 44) explaining the differences among the bone char characteristics reported in published data.
228
The bone char surface showed no charge within the error in acidic and neutral pH range until 229 becoming negative after pH zpc (Figure 1 ). The pH zpc of bone char was determined to be within 230 the pH range of 8 to 9 which agrees with the study of Figure 2A shows that fluoride sorption on both laterite and bone char was strongly influenced by 236 the solution pH; as the pH increased above the pH zpc of the laterite and bone char, the sorption 237 capacity declined sharply. As shown in Figure 1 , the sorbents became negatively charged at 238 solution pH>pH zpc of the sorbent; therefore, the observed decline in the sorption capacity is 239 attributed to the electrostatic repulsion between the negatively charged sorbents and the 240 negatively charged fluoride ions.
241 Surprisingly, a decrease in fluoride mass sorbed onto laterite (from 0.62 mg/g to 0.52 mg/g) was
242
observed when the solution pH was decreased from 5 to 3. In contrast, the positive charge of 
247
Protonated fluoride ions in HF form at solution pH<pK a were likely to be unavailable for exchange between the hydroxyl groups on the sorbent surface and fluoride is regarded as another 258 mechanism contributing to fluoride sorption on both laterite (10, 11, 13, 39) and bone char (47).
259
Oxides have a tendency to form hydroxides once they are in aqueous phase (11) Figure 2B displays the influence of pH on the permeability of the membrane when solutions 289 containing laterite and bone char were filtered. At pH values lower or higher than pH zpc , the 290 permeability is expected to increase as the absolute particle charge increases and larger repulsive The membrane fouling by iron hydroxide particles in a cross flow system was reported before by
308
Cohen and Probstein (55). In neutral and alkaline solutions, iron solubility is low and iron is 309 found in hydroxide forms (56) suggesting that the precipitation of ferric hydroxide in the system 310 is possible. In the literature, aggregates of small discrete particles (10 nm in diameter) of ferric 311 hydroxide were found in several tenths of micrometers in diameter (57). These discrete particles,
312
smaller than both of the calculated nominal pore diameter of the UF membranes studied here,
313
could block or constrict the membrane pores or form a deposit layer on the membrane surface in known (58); therefore, for the bone char system, the decline in permeability at high pH can be 320 possibly attributed to the formation of calcium precipitates.
322
The Influence of Initial Fluoride Concentration
323
The data in Figure 3A show that the sorption capacity of bone char was higher than laterite at the 324 studied equilibrium fluoride concentration range, with a sorption capacity of 3.8 mg/g for bone based on the sorption isotherm in Figure 3A .
347
Both Langmuir and Freundlich models were used in Figure 3A to describe the fluoride sorption 348 on the sorbents under varying equilibrium concentrations as usually done in the literature (6).
349
The Langmuir isotherm assumes a monolayer sorption whereas the Freundlich isotherm model Table 2 .
353 Figure 3C shows the influence of the equilibrium fluoride concentration on the membrane shown in Figure 3A and C, the trend of decrease in permeability followed the trend of the 362 increase in fluoride mass sorbed.
363
Co-precipitation of fluoride with aluminium hydroxide flocs is a known mechanism for 364 applications with alum (8). Similarly, fluoride co-precipitation with iron complexes is possible.
365
Such precipitation mechanisms need to be investigated further in order to clarify the correlation 366 between the decline in the permeability at higher equilibrium fluoride concentration and the 367 sorption for the laterite system. 
The Influence of Sorbent Concentration
370
As displayed in Figure 4A , the permeate fluoride concentration decreased as the amount of 371 sorbent added to the system increased and then reached a plateau at certain sorbent load for both agreement with the studies in the literature (11, 13).
378
As shown in Figure 4B , the permeability declined as the sorbent load increased for both laterite 379 and bone char systems. The decline in the permeability was attributed to the increased resistance 380 due to the increased sorbent deposit thickness. When 20 g/L of laterite was used in the system, 381 the equilibrium fluoride concentration achieved was 1.6 mg/L and the permeability decline was 
ANSWERS TO THE REVIEWERS AND EDITOR
Dear Editor and Reviewers,
We would like to thank you for the time spent on the manuscript and for very valuable advices and comments. We will address all the points raised in the following with reference to the new manuscript. For clarity we left the reference to the line number in the original manuscript in the reviewers' comments and added the new line number in our response. Hopefully we managed to clarify the methods used and the conclusion reached.
Reviewer: 1 Comments to the Author Introduction is a little centralized on the advantages to use bone char or laterite sorbents from economic point of view. The problems of hybrid sorbent/filtration processes could have been highlighted more.
The introduction has been rewritten and expanded to address more specifically the challenges of the hybrid systems.
Method Our main objective in this paper is to examine the initial feasibility of the proposed novel hybrid sorbent-membrane system. Understanding the mechanism behind the decrease in the permeability with changing parameters is crucial to design the system; detailed analysis of the membrane fouling and the nature and structure of the deposit is also required and we believe that this needs a separate further paper to be properly discussed in full. Due to limitations in space, we removed the fluoride sorption and permeability data for BC of <63 µm from Figure 4 as suggested, instead of adding the discussion of the lower size range that would have required the addition of further data for laterite as well. We would like to comment here that for sorbent loads above 5 g/L, the particle size had a small influence on the sorption capacity due to the fact that the surface area available is in excess of what needed for the specific fluoride concentration even for the larger particles. This cannot be generalised and has to be properly addressed for other ranges of particle sizes. figure 4 are operated at pH 5.5. So, they cannot directly conclude that this process will not require pH adjustment. Moreover, working at neutral pH will probably affect the permeability. Authors should at least replace the sentence L398 p.18: "As another advantage, bone char-UF system is operated at neutral pH and does not require additional pH adjustment for the treated water" by "As another advantage, bone char-UF system can be operated at neutral pH with an expected relative small decrease in flux and does not require additional pH adjustment for the treated water" L395, p.18 -The sentence was replaced with "Another advantage of the bone char-UF system is that it can be operated at neutral pH with an expected relative small decrease in permeability and does not require additional pH adjustment for the treated water whereas laterite-UF system may require additional pH adjustment to ensure neutral pH for the treated water.". As a further comment we would like to point out that our data in Figure 2 , fully support the statement that the decrease in flux at neutral pH is small.
Conclusion: The authors claim that bone char-UF system other advantage is to be operational at neutral pH, but final experiments in
Reviewer: 2
Comments to the Author: This paper is an important contribution however many details and explanations are missing which make some of the interpretation sparse. In some cases the scientific claims appear to not be supported by the data. This is a study worth doing (and eventually publishing) but still needs substantial work before the final version. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We really appreciate the detailed analysis of the paper that the reviewer provided. We addressed most of their comment in the text, but it should be appreciated that due to word constraints on the manuscript, we weren't able to introduce longer explanation. We added some supporting information that hopefully will clarify some data and interpretation.
The major problems were related to the methods, we added information on the preparation and characterisation methods, referencing similar studies were the methods are explained at length.
Here are a number of comments that need to be addressed prior to publication: • Line 13 -start with the need! Why is it important?
L13, p.1 -The sentence "Fluoride contaminated water sources are found in many parts of the world and the consumption of such water is causing dental and skeletal fluorosis in humans, especially in developing countries." was added at the beginning.
• Line 23 -if the optimal laterite pH is 5 -6 is this practical? Does pH need adjusting for real waters? Needs addressing
The requirement of the pH adjustment is the obvious disadvantage of the laterite-UF system compared to BC-UF system; this was highlighted with the following sentence added to the conclusions: L395, p.18 -"Another advantage of the bone char-UF system is that it can be operated at neutral pH with an expected relative small decrease in permeability and does not require additional pH adjustment for the treated water whereas laterite-UF system may require additional pH adjustment to ensure neutral pH for the treated water.".
• Line 32 -Is fluoride a natural contaminant? Discuss
L35, p.2 -The sentence "Water sources with high fluoride concentration have been located in many parts of the world including developing countries" was replaced by "Water sources naturally contaminated with fluoride leaching from the earth crust (4) have been located in many parts of the world including developing countries (5)."
• Lines 39 -42 -you describe the main technologies but fail to discuss their effectivenessbring this together -how does the effectiveness of your system compare to what else is out there?
The introduction has been rewritten and expanded to address more specifically the effectiveness of the different technologies. Please see Line 43, p.2 onwards. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
• Line 61 -explicitly say why the smaller sizes provide higher fluoride sorption
This is related to the availability of surface area for the physical sorption: L62, p.3 -"due to the increased sorbent surface area" was added to the end of the sentence.
• Line 75 -76: You say all of these different things influence performance but you have only chosen to look at three parameters -can you explain why these three were selected (and hence others were neglected)?
We studied the influence of initial fluoride concentration, sorbent load and solution pH on fluoride sorption within this study. Sorbents were also characterized and the sorption was studied based on the sorbent characteristics as well. The influence of other parameters mentioned (temperature and particle size) was studied as part of the experimental campaign but was deemed outside the scope of this paper. This can be covered in an additional publication.
• As mentioned before we will not report on the influence of particle size in this particular paper. For the main body of experiments (sorption and permeability experiments) we used the same particle size fraction. To avoid confusion we modified the text as follow in the methods. L99, p.5 -"which was used for all the sorption experiments." was added. "Exceptionally, bone char sample was also reduced to 150-212 µm and <63 µm and laterite was reduced to <38 µm" was removed to avoid confusion.
Additionally, fluoride sorption and permeability data of <63 µm were removed from Figure 4 to avoid confusion. We recognise that the influence of particle size cannot be dismissed in few lines but will require to be addressed in a further paper.
Only surface charge analyses, as a part of sorbent characterization, were conducted with bone char with a particle size fraction of 150-212 µm and laterite with a particle size fraction of <38 µm size as specified in the appropriate section. This was due to the limited availability of sorbent sourced from the original location (Tanzania and Ghana).
• L104, p.5 -", while swirling" was added to the end of the sentence. L 104-111, p.5 Clarifications were added to the methodology of the titration method. The data obtained from the titration method were plotted in Figure 1 presenting variation of the surface charge of the sorbents as a function of solution pH. Based on the titration method 0.001M KCl solution was not necessary for the analysis so no data were obtained for pH_0.001M.
• Lines 108: "temperature was equilibrated" -but to what value and what was the variance? I'd expect temperature to make a big difference on sorption -this needs to be addressed
The temperature of the sample was equilibrated in the Zeta Plus instrument to measure the zeta potential of the sorbents within the scope of sorbent characterisation analyses not for the sorption experiments. This temperature equilibration was required to ensure a reliable zeta potential analysis of the sorbent samples based on the instructions given by the instrument supplier. The sorption experiment were all conducted at 21 ºC (see line 167, p.8).
• Methods general: where was the analysis done?
L94, p.5 -"Sorbent characterization analyses and experiments were conducted in the Laboratories of the University of Edinburgh." was added.
• Line 120 -were XRF samples pelleted? There is lots of important methods information missing.
L126, p.6 -The sentence has been modified to "the samples powder were fused in 40mm diameter discs with a lithium borate flux containing La 2 O 3 ".
• Line 136 -surface rinsed or filtration rinsed?
L140, p.7 -"surface" was added to the sentence L153-156, p.7 -For each new stock solution fresh standard fluoride solutions of 0.1, 0.3, 1, 3, 10, 30 and 100 mg/L were prepared and used for the calibration of ISE. All the calibration curves used had a linear regression value between 0.999 and 1.000." was added.
For reference an example calibration curve is presented below. We feel this figure will not add to the paper. L167, p.8 "controlled by the central cooling/heating system in the laboratory." was added.
L167, p.8 -"21°C" was replaced by "21±2 °C" An example of kinetic data for both sorbents has been added as a supporting information.
• Lines 166 please provide details of sensors used
• Line 177 -don't understand fourth permeate, you say just before that three permeates were collected
Line 182-187, p.9_ We modified the explanation to make it clearer.
• What was the mass of sorbent used?
The sorbent load for pH ( Figure 1 ) and fluoride concentration experiments ( Figure 3) were presented in the figure captions as 10 g/L. We think that the load is a more meaningful way to present these results. The volume of the solution is given in the materials and methods.
• MAJOR m ads represented the fluoride mass sorbed on the membrane. Some membranes have a potential of fluoride sorption as reported in the literature. Therefore blank experiments, with no sorbents added to the system, were conducted to analyse weather any fluoride sorption happens on the membrane. Blank experiments showed that no reduction happens in the initial fluoride concentration indicating that UF membranes used in the study do not have any sorption affinity for fluoride. Hence m ads was neglected in the mass balance equation. M ads (capital M) is the term used to represent the fluoride sorbed in the sorbent (laterite or bone char). L192, 195, 197, 198, figures (eg the marked zones) and discussion appropriately L229, p.11 -the sentence was modified to "The bone char surface showed no charge within the error in acidic and neutral pH range until becoming negative after pH zpc (Figure 1) . The pH zpc of bone char was determined to be within the pH range of 8 to 9 which agrees with the study of where the pH zpc was reported as 8.4.".
Even if between pH 5 and pH 8 the point are within zero charge so a PZC point cannot clearly be identified, after pH8 the charge is clearly negative and we suggest that this influences sorption. For the value of pH at which the surface charge is close to zero, we consistently observed a constant fluoride sorption. We reflected that in the discussion.
L253, p.12 -"For bone char, the fluoride mass sorbed was the highest and constant at pH<pH zpc when the surface charge was stable and it declined as soon as the surface charge became negative; the results agree well with those of ." L296, p.14 -"For the bone char system, a change in the permeability was not observed as expected, due to the stable surface charge of the bone char within the pH range 4-8."
•
Figures -please make your symbols consistent across all figures
Figures were checked for consistency with legend modified and units rectified.
• MAJOR LINKED POINT Lines 238 -9 you talk about your pH being decreased from 5 to 3 but on your zeta potential you only have ONE point between pH 4.5 -5 so how can you claim expectations for pH 5 -4. As such I don't agree your conclusions are "surprising" they are just incomplete! Two analyses were conducted to determine the surface charge of the laterite with respect to solution pH; titration method and zeta potential analysis. Three pH 0.05M -pH 0.002M data points (0.51, 0.38, 0.155) are presented for pH 3.92, 4.59 and 5.14, respectively using the titration method. Four zeta potential data points (mV) (38.18, 23.61, 6.72, 1.22 ) are presented for pH 1.78, 3.00, 4.21, 5.03, respectively using the zeta potential analysis. Both methods show clearly a decline in the surface charge of laterite when the solution pH is increased from pH 3 to 5. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
-how do you report a linear regression r^2 for a curve -this is misleading on your plots
In Table 2 the linearized equations of the isotherms were included. These were used to regress the parameters. Once the isotherm constants were determined, the isotherm curves were drawn for each corresponding equilibrium fluoride concentration. This was added to the note in the table as well.
• L262, p.12 -"Silicon, iron and aluminium oxides are the major components of laterite (Table 1) as also reported in the literature (10, 11, 14, 38) ." was added.
L266, p.12 -"Therefore silicon oxide is not expected to play a role in fluoride sorption even if it is a major component of the laterite sample in this study." was added.
• MAJOR POINT Can you look at some sort of solubility/reaction constants for your ion exchange reactions on Eqn 2 and 3 -a feasibility gauge needs to be done L306, p.14 -"With a lower solubility product constant (Ksp) Fe(OH) 3 (K sp :1.6x10 -39 ) is more likely to precipitate compared to Al(OH) 3 (Ksp:3x10 -34 )(54)"
• Line 299 -314 -if you are attributing a flux decline to iron, then why do you see it in bone char?
As we explained in Line 318-321, p.14 -the decline in the permeability at high pH can be attributed to the formation of calcium precipitates.
• 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y L401, p.18_The sentence was changed as "Lastly, some of the concerns which can influence the social acceptance of the technology and has to be investigated further include the possible leaching of iron and aluminum from the laterite in the treated water to concentrations above the guidelines or odor/color problems due to the organic matter residual of the bone char."
The concentration of iron and aluminum were measured for some of the permeate samples. Results indicate that aluminum concentrations in the permeate samples were above the WHO guidelines (0.2 mg/L) whereas iron concentration were not above the WHO guidelines (0.3 mg/L). However this does not necessarily mean that iron was not leached from the laterite as iron hydroxide precipitates might have been rejected by the UF membrane and be present in the concentrate. We think that a systematic investigation with respect to both fluoride sorption and membrane fouling is required to properly comment on the leaching metals and their correlated presence in the permeate; this cannot be fully addressed in this paper due to space limitations but can be addresses in a later publication.
• Lines 341 -345 -Again this loses meaning with the description of how YOUR samples were treated -more detail are really needed L342, p.16 -"treated at 500 °C" was added to the sentence
•
Line 343 -why is low sorption capacity surprising? This all needs to be put into context with your work L346, p.16 -"where the sorption capacity is expected to be higher based on the sorption isotherm in Figure 3A ." was added to clarify it further.
• Lines 351 -353 -I don't really believe this as the fits only deviate AFTER your last data point
L351, p.16 The sentence was modified as "Both models were fit to the data and can represent the data well in the range of concentration investigated with the coefficients presented in Table 2 ."
• Line 361 -not sure if "exponential" is a fair assessment -seems simply to be approaching a plateau which should be discussed The data were regressed using an exponential decrease. The slow approach to a plateau correspond to the approach to the saturation capacity for the sorbent according to the isotherms in figure 3A and therefore is related to no more sorption/precipitation of fluoride. Figure 3 and 4. L325, p.15 "with a sorption capacity of 3.8 mg/g for bone char and 0.37 mg/g for laterite at 1.5 mg/L equilibrium concentration (WHO guideline)." was added to the sentence.
• MAJOR LINKED POINT Lines 401 -402 your second to last conclusion is that pretreatment makes a big difference but you still haven't discussed in detail what was done here -this is really important and neglecting it makes the paper weak
To address this point we added the bone char treatment details in the method session (line 89-93, p.4-5).
Editor comment:
Your references are somewhat outdated -very few have been written in the past 3 years. Please carry out a comprehensive literature search to identify and report any pertinent works that have been conducted recently.
The literature review has been updated, adding relevant studies published recently to our reference list.
Thank you very much for your valuable comments. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
